Background: Little is known about whether associations between childhood adiposity and later adverse cardiovascular health outcomes are driven by tracking of overweight from childhood to adulthood and/or by vascular and metabolic changes from childhood overweight that persist into adulthood. Our objective is to characterise associations between trajectories of adiposity across childhood and a wide range of cardiovascular risk factors measured in adolescence, and explore the extent to which these are mediated by fat mass at age 15.
Introduction
The prevalence of obesity in children and adolescents has risen dramatically in recent decades across most western countries and several low-income countries [1] , although some recent data suggest prevalence may have stabilised in the USA, UK and Sweden. [2] [3] [4] A systematic review demonstrated that high body mass index (BMI) from age seven onwards is associated with an increased risk of coronary heart disease in adulthood. [5] Several cross-sectional studies have demonstrated that childhood obesity is associated with increased levels of cardiovascular risk factors. [6] [7] [8] [9] These associations may be driven by tracking of overweight from childhood to adulthood [10] and/or by vascular and metabolic changes from childhood overweight that persist into adulthood. Few studies have been able to explore the associations between early childhood adiposity and later cardiovascular risk prospectively, or to explore the extent to which these associations are mediated by the tracking of adiposity.
Changes in adiposity across childhood are also of interest for their association with later obesity itself. A recent small study (N = 233) from a UK cohort showed that most excess weight gain up to age 9 occurs before the age of 5, suggesting that obesity prevention efforts should be concentrated on pre-school children. [11] This study, however, focused on weight gain rather than a measure of adiposity per se, did not have data beyond the age of 9, and did not examine the association of childhood weight gain with future cardiovascular risk factors. Other studies, including previous reports using data from the same cohort as we analyse in this study, have suggested that rapid weight gain or gain in BMI or ponderal index (PI) in infancy (i.e. prior to 2 years) is importantly associated with increased obesity and adverse cardiovascular risk factors in later life. [12] [13] [14] However, few of these studies have been able to compare the associations of changes in weight (or weight adjusted for height) during infancy with later outcomes with the associations of growth in later periods of childhood with these outcomes. Additionally, most previous studies have relied on using repeat z-scores of weight (or weight adjusted for height), rather than modelling growth trajectories, and therefore have incompletely modelled the clustering of measurements within individuals.
In this paper, we model individual trajectories of PI and BMI across childhood from a large UK cohort study using linear spline random effects models. This allowed us to identify distinct periods of PI/BMI change in childhood, and explore the associations of PI/BMI changes in each of these periods with fat mass and cardiovascular risk factors in adolescence. Where associations were found with later cardiovascular risk factors we further aimed to explore the extent to which these were mediated by fat mass at age 15.
Methods

Study population
ALSPAC is a prospective cohort study. The full study methodology is published elsewhere [15] , and on the study website (www.bristol.ac.uk/alspac). Pregnant women resident in one of three Bristol-based health districts with an expected delivery date between 1 April 1991 and 31 December 1992 were invited to participate. Of these women, 14,541 were recruited; there were 14,062 live-born children, 13,988 of whom were alive at one year. Follow-up has included parent-and child-completed questionnaires, links to routine data, and clinic attendance. Ethical approval for the study was obtained from the ALSPAC Law and Ethics Committee and the Local Research Ethics Committees; written consent was obtained from all participants and their parents/guardians.
Measurements
Within ALSPAC, the only measures of adiposity with repeat measures across the whole of childhood are those based on height and weight. Length/height and weight data for the children are available from several sources. Birth length (crown-heel) was measured by ALSPAC staff who visited newborns soon after birth (median 1 day, range 1-14 days), using a Harpenden Neonatometer (Holtain Ltd). Birth weight was extracted from medical records. From birth to five years, length and weight measurements were extracted from health visitor records, which form part of standard child care in the UK. In this cohort we had up to four measurements taken on average at six weeks, 10, 21, and 48 months of age, which previous work has shown to have good accuracy. [16] For a random 10% of the cohort, we also have length/height and weight measurements from research clinics, held between the ages of four months and five years of age. From age seven years upwards, all children were invited to annual clinics. Details of measuring equipment used in the clinics are in Supporting File S1. Across all ages, parent-reported child heights and weights are also available from questionnaires. PI was calculated as weight in kilograms divided by height in metres cubed; BMI was calculated as weight in kilograms divided by height in metres squared. The outcomes in these analyses are from the research clinic held at approximately age 15 (mean age 15.5 years). Total body fat mass was assessed by dual X-ray absorptiometry (DXA) scan using a Lunar prodigy narrow fan beam densitometer. The cardiovascular risk factors we examined were systolic and diastolic blood pressure and fasting blood measures (LDLc, HDLc, triglycerides, CRP, glucose and insulin), measured using standard procedures detailed in the Supporting File S2.
The following were considered as potential confounders related both to childhood PI/BMI trajectories and adolescent fat mass or cardiovascular risk factors: gender, maternal and partner education, household social class, maternal age, height, gestational age at birth, maternal and partner BMI, maternal and partner smoking in pregnancy, age at clinic attendance, and pubertal stage at measurement of outcome. Details of measurement of confounding factors are presented in the Supporting File S3.
PI/BMI trajectories across childhood
) is the most common way of adjusting weight for height in adults to obtain a measure of adiposity free from the influence of height. Patterns of BMI change in early childhood are extremely complicated. Given this, we decided not to model BMI from birth. Rather, PI (kg/m 3 ) was used as the measure of adiposity from birth to two years. BMI was modelled from two to ten years. Implausible height and weight measurements (.4 SD from the mean for gender and age specific category, approximately 0.1% of all measurements) were re-coded as missing. All other available measures were used in analyses. To account for the likely reduced accuracy of parent-reported measurements [17] , a binary indicator of measurement source (research clinic or health records versus parent-report) was included in all models.
Individual trajectories of PI/BMI were estimated using mixedeffects linear spline models (two levels: measurement occasion and individual), fitted using the statistical package MLwiN version 2.10 (www.cmm.bristol.ac.uk/MLwiN/index.shtml). Such models allow for the change in scale and variance of PI/BMI over time and use all available data from all eligible children under a missing at random assumption. They allow for individual variation in trajectories, since random effects allow each individual to have different intercepts and slopes (rates of PI/BMI change). Trajectories were modelled separately for boys and girls. BMI trajectories were not modelled beyond age ten since puberty would necessitate individual spline points due to variation in age at puberty onset. Modelling PI/BMI to age 10 also allows clear separation in time (age) between the exposure (trajectories in childhood to age 10) and outcomes (fat mass and cardiovascular risk factors assessed at mean age 15) assessed in this prospective study and thus make reverse causality extremely unlikely. Full details of the statistical methodology are in the Supporting File S4.
Statistical analysis of associations between PI/BMI trajectories and outcomes at age 15
Analyses were restricted to singletons with at least two PI measures between 0-2 years and two BMI measures between 2-10 years, who attended the 15 year follow-up clinic. The associations between PI/BMI trajectories and fat mass and cardiovascular risk factors were modelled using linear regressions in Stata 11. [18] We present the associations between each period of PI/BMI change and each outcome adjusted for: To explore the extent to which associations between PI/BMI changes during childhood and later outcomes are mediated by adiposity at the time of outcome measurement, we further adjusted associations with cardiovascular risk factors for DXA-assessed total fat mass, height, and height squared measured at age 15 (Model 4). Adjusting for height and height squared is necessary to obtain a measure of fat mass at age 15 that is independent of height. The models adjusted for fat mass at age 15 (Model 4) show whether there are associations between childhood PI/BMI changes and cardiovascular risk factors at age 15 independent of adiposity at the time of measurement of the cardiovascular risk factor.
We used multivariate multiple imputation to impute missing variables, including all covariables and potential predictors in the imputation equations; details of the procedure are presented in the Supporting File S5. Analyses limited to individuals with complete data for all variables were also conducted; the findings did not differ from the imputed data results (available from the authors on request).
There was evidence of interaction between gender and PI/BMI trajectories for DXA-assessed fat mass, and for some, but not all, cardiovascular risk factors; for consistency all results are presented separately for boys and girls.
DXA-assessed total fat mass, triglycerides, CRP and insulin were all right-skewed and so were analysed on the natural log scale. All exposure, outcome and confounder variables were standardised (subtracted the mean, divided by the standard deviation) prior to analysis. Thus associations represent the standard deviation change in outcome that is observed with a one standard deviation increase in the rate of PI/BMI change, presented with 95% confidence intervals. For some periods of PI/ BMI change in childhood, PI/BMI is decreasing on average; these periods are shaded in the tables. In these periods, a positive coefficient for the relationship between PI/BMI change and the outcome means that a shallower negative gradient, i.e. slower rate of PI/BMI decrease, is associated with a higher level of outcome, or vice versa for a negative coefficient. Table 2 . PI/BMI trajectories from birth to ten years and their association with Ln of DXA-assessed total body fat mass at age 15 years, with multiple imputation, adjusted for age, previous periods of PI/BMI change and confounders. Results
Data and population
5113 singletons attended the 15-year research clinic, approximately 50% of those invited. Of these, PI/BMI trajectories were available for 4601 (90.0%). These 4601 individuals tended to have higher maternal education, older maternal age, and higher birth weight compared with the full ALSPAC cohort, but no differences in maternal BMI were observed (Table S1 ). Table 1 describes the participants, their fat mass and cardiovascular risk factors, and levels of missing data.
PI/BMI trajectories
The random effects linear spline modelling confirmed that there were 2 periods of PI change for boys (0-2 months, 2-24 months), 3 periods of PI change for girls (0-1 month, 1-4 months, 4-24 Table 3 . PI/BMI trajectories from birth to ten years and their association with cardiovascular risk factors at age 15, adjusted for previous periods of PI/BMI change and confounders (Model 3). Childhood PI/BMI trajectories and DXA-assessed total body fat mass at age 15 Table S3 presents results from all three models (Model 1: age adjusted; Model 2: age and growth in previous period adjusted; Model 3: age, growth in previous period and other confounder adjusted). The effect of adjustment for previous periods of PI/BMI change appears to be complex (Model 2, Table S3 ), with adjustment resulting in strengthened associations for some periods of PI/BMI change, and attenuated associations for others. Further adjustment for confounders has relatively little effect on the associations (Model 3, Table S3 ). Table 2 presents only the full confounder (including growth in previous period) model (equivalent to Model 3 in web-table 4) and Figures 3 and 4 also show these associations and allows easy comparison of strengths of association for different PI/BMI change periods. In these fully adjusted models, PI at birth and all periods of PI/BMI change were associated with DXA-assessed total fat mass at age 15 ( Table 2 and Figures 3 & 4) . For most periods of PI/BMI change, the associations were positive such that faster rates of PI/BMI increase (or slower rates of PI/BMI decline in periods where PI/BMI is decreasing) were associated with higher fat mass at age 15 ( Table 2 ). Between 5.5-6.5 and 6.5-7 years, coefficients for the association between BMI change and fat mass at age 15 were negative. BMI is on average declining across this period ( Figures 1&2/Table S2) ; a faster rate of BMI decrease is therefore associated with increased fat mass at age 15. These negative associations may reflect timing of adiposity rebound, i.e. those with earlier adiposity rebound may have faster rates of BMI decrease in these periods and higher fat mass later. [19] Childhood PI/BMI trajectories and cardiovascular risk factors at age 15 Tables S4, S5 , S6, S7, S8, S9, S10 & S11 present results from all three models for each cardiovascular risk factor (Model 1: age adjusted; Model 2: age and growth in previous period adjusted; Model 3: age, growth in previous period and other confounder adjusted; Model 4: age, growth in previous period, other confounders and fat mass, height and height-squared at age 15). Adjustment for previous periods of PI/BMI change attenuates the associations of some PI/BMI change periods with the cardiovascular risk factors and strengthens the associations of others, and further adjustment for confounders tends to attenuate associations slightly (Models 2 and 3, Tables S4, S5 , S6, S7, S8, S9, S10 & S11).
In Model 3, looking at the total association of each period of PI/ BMI change with the cardiovascular risk factors (adjusted for confounders and previous periods of PI/BMI change), there is very little evidence of associations between PI changes from 0-2 years and cardiovascular risk factors at age 15 ( Table 3 , Figures 5 & 6 for triglycerides, and Supporting Figures S1, S2, S3, S4, S5, S6, S7, S8, S9, S10, S11, S12, S13 & S14 for the other cardiovascular risk factors). Some periods of BMI change between 2-10 years, however, were associated with several All variables were standardised prior to analysis. Coefficients represent the standard deviation change in the cardiovascular risk factor associated with a one standard deviation increase in the rate of PI/BMI change.
Bold text indicates that PI/BMI is, on average, declining during that period. Adjusted for age, previous periods of PI/BMI change, gender, maternal and partner education, household social class, maternal age, height, gestational age at birth, maternal and partner BMI, maternal and partner smoking in pregnancy, age at clinic attendance, and pubertal stage at measurement of outcome. All of the cardiovascular risk factors apart from DBP were strongly associated with DXA-assessed fat mass at age 15 (Table  S12) . In almost all cases, the observed associations between BMI changes between ages 2-10 years and cardiovascular and metabolic risk factors (Model 3, Table 3 ) were attenuated by adjustment for DXA-assessed fat mass, height and height squared at age 15 (Model 4, Table 4 ).
There was some suggestion of associations between PI/BMI changes and later cardiovascular risk factors being stronger in boys than in girls. Associations were considerably weaker for DBP compared with SBP. The magnitude of associations was stronger for HDLc and log triglycerides than for LDLc. Associations between adiposity trajectories and glucose were weak. 
Main findings
All periods of PI/BMI change between birth and age 10 were associated with fat mass at age 15. The period between 0-10 years with the strongest association between PI/BMI change and DXAassessed fat mass in adolescence was age 2-5 years for girls, and 5-5.5 years for boys. Findings from the Earlybird study indicated that most increases in weight gain z-scores before the age of 9 occurred prior to age 5. [11] As a result of this study, there was suggestion that obesity prevention efforts should be focused primarily on pre-school children. Whilst we demonstrate that changes in BMI between 2-5 years do appear to be strongly associated with later adiposity, our findings also suggest that BMI changes in later childhood were also strongly associated with increased fat mass, as well as with a range of cardiovascular risk factors at age 15. This would argue for obesity prevention efforts aimed at children of all ages.
There was little evidence of associations between PI changes between 0-2 years or BMI changes in early childhood and cardiovascular risk factors at age 15 after adjustment for potential confounding factors. BMI changes later in childhood (7-8.5 and 8.5-10 years) did demonstrate associations with cardiovascular risk factors. These associations were largely attenuated by adjustment for fat mass at age 15, i.e. associations between early BMI changes and later cardiovascular risk factors are largely mediated by the associations of childhood growth with fat mass in adolescence. [10] This may imply that tracking of adiposity across infancy and childhood to adolescence is the main explanation for associations between early growth and later cardiovascular risk factors.
Our analyses showed that PI/BMI changes in childhood are only weakly associated with DBP and fasting glucose at age 15. This is consistent with a recent cross-sectional study of 6-17 year olds in the US Nutritional Examination Survey, which demonstrated associations across most of the BMI distribution with fasting lipids, but the odds of elevated fasting glucose only increased once BMI was above the 99 th age and gender specific percentile, and odds for elevated DBP only increased after the 95 th percentile. [20] To our knowledge, no other studies have demonstrated stronger associations between adiposity changes in childhood and later cardiovascular risk factors in males compared with females; further studies are needed to validate this result.
Our study has explored the effects of PI/BMI changes across childhood on fat mass and a wide range of cardiovascular risk factors in adolescence using a large contemporary cohort study with repeat measures of PI/BMI across childhood used to model individual adiposity trajectories. Our modelling approach has allowed us to explore whether there are periods of PI/BMI change in childhood that are particularly strongly associated with later fat mass and cardiovascular risk factors. To our knowledge this is the first study to explore changes in adiposity from birth to late childhood and their association with adolescent cardiovascular risk factors. One limitation of modelling adiposity trajectories using BMI is that BMI is an imperfect measure of adiposity in childhood, in particular in infancy; it is associated with both lean and fat mass in young children. However, we have attempted to minimise this limitation by modelling PI from birth to two years, which reduces the correlation with height. Furthermore, evidence from this cohort suggests that BMI has similar magnitudes of association to cardiovascular risk factors in childhood as does total fat mass assessed by DXA or waist circumference [21] , suggesting that BMI may adequately assess adiposity in childhood. As in all cohort studies, there has been loss to follow up of ALSPAC participants. However, we do not believe that PI/BMI changes would be differently associated with cardiovascular risk factors in those who were lost to follow-up. Our multivariable multiple imputation analysis results were similar to complete case analyses, suggesting that there are no major problems with selection bias between those with no missing data (including on fasting bloods) and the whole eligible cohort who attended the follow-up clinic.
In summary, our results indicate that PI/BMI changes at all ages from birth to age 10 are associated with fat mass at age 15, and BMI changes in later childhood are associated with a range of cardiovascular risk factors at age 15. Associations between PI/ BMI changes between birth and ten years and cardiovascular risk factors at age 15 were largely mediated by fat mass at age 15. This mediation by adiposity at age 15 could potentially reflect tracking of adiposity through infancy and childhood as the main reason why greater adiposity in early life is related to cardiovascular risk. Collectively, our results would argue for obesity prevention efforts incorporating children of all ages rather than focusing on specific ages. Figure S1 Boys Associations between adiposity trajectories and SBP. Graphs of coefficients and 95% confidence intervals from standardised linear regressions of cardiovascular risk factors at age 15 on PI/BMI trajectories (age in years along x-axis is the midpoint of PI/BMI change periods; coefficients are adjusted for confounders and previous PI/BMI changes, i.e. Model 3 in Tables) (TIF) Figure S2 Boys Associations between adiposity trajectories and DBP. Graphs of coefficients and 95% confidence intervals from standardised linear regressions of cardiovascular risk factors at age 15 on PI/BMI trajectories (age in years along x-axis is the midpoint of PI/BMI change periods; coefficients are adjusted for confounders and previous PI/BMI changes, i.e. Model 3 in Tables) (TIF) Figure S3 Boys Associations between adiposity trajectories and LDLc. Graphs of coefficients and 95% confidence intervals from standardised linear regressions of cardiovascular risk factors at age 15 on PI/BMI trajectories (age in years along x-axis is the midpoint of PI/BMI change periods; coefficients are adjusted for confounders and previous PI/BMI changes, i.e. Model 3 in Tables) (TIF) Figure S4 Boys Associations between adiposity trajectories and HDLc. Graphs of coefficients and 95% confidence intervals from standardised linear regressions of cardiovascular risk factors at age 15 on PI/BMI trajectories (age in years along x-axis is the midpoint of PI/BMI change periods; coefficients are adjusted for confounders and previous PI/BMI changes, i.e. Model 3 in Tables) (TIF) Figure S5 Boys Associations between adiposity trajectories and Ln CRP. Graphs of coefficients and 95% confidence intervals from standardised linear regressions of cardiovascular risk factors at age 15 on PI/BMI trajectories (age in years along x-axis is the mid-point of PI/BMI change periods; coefficients are adjusted for confounders and previous PI/BMI changes, i.e. Model 3 in Tables) (TIF) Figure S6 Boys Associations between adiposity trajectories and Ln Insulin. Graphs of coefficients and 95% confidence intervals from standardised linear regressions of cardiovascular risk factors at age 15 on PI/BMI trajectories (age in years along x-axis is the mid-point of PI/BMI change periods; coefficients are adjusted for confounders and previous PI/BMI changes, i.e. Model 3 in Tables) (TIF) Figure S7 Boys Associations between adiposity trajectories and Glucose. Graphs of coefficients and 95% confidence intervals from standardised linear regressions of cardiovascular risk factors at age 15 on PI/BMI trajectories (age in years along x-axis is the midpoint of PI/BMI change periods; coefficients are adjusted for confounders and previous PI/BMI changes, i.e. Model 3 in Tables) (TIF) Figure S8 Girls Associations between adiposity trajectories and SBP. Graphs of coefficients and 95% confidence intervals from standardised linear regressions of cardiovascular risk factors at age 15 on PI/BMI trajectories (age in years along x-axis is the midpoint of PI/BMI change periods; coefficients are adjusted for confounders and previous PI/BMI changes, i.e. Model 3 in Tables) (TIF) Figure S9 Girls Associations between adiposity trajectories and DBP. Graphs of coefficients and 95% confidence intervals from standardised linear regressions of cardiovascular risk factors at age 15 on PI/BMI trajectories (age in years along x-axis is the midpoint of PI/BMI change periods; coefficients are adjusted for confounders and previous PI/BMI changes, i.e. Model 3 in Tables) (TIF) Figure S10 Girls Associations between adiposity trajectories and LDLc. Graphs of coefficients and 95% confidence intervals from standardised linear regressions of cardiovascular risk factors at age 15 on PI/BMI trajectories (age in years along x-axis is the midpoint of PI/BMI change periods; coefficients are adjusted for confounders and previous PI/BMI changes, i.e. Model 3 in Tables) (TIF) Figure S11 Girls Associations between adiposity trajectories and HDLc. Graphs of coefficients and 95% confidence intervals from standardised linear regressions of cardiovascular risk factors at age 15 on PI/BMI trajectories (age in years along x-axis is the midpoint of PI/BMI change periods; coefficients are adjusted for confounders and previous PI/BMI changes, i.e. Model 3 in Tables) (TIF) Figure S12 Girls Associations between adiposity trajectories and Ln CRP. Graphs of coefficients and 95% confidence intervals from standardised linear regressions of cardiovascular risk factors at age 15 on PI/BMI trajectories (age in years along x-axis is the mid-point of PI/BMI change periods; coefficients are adjusted for confounders and previous PI/BMI changes, i.e. Model 3 in Tables) (TIF) Figure S13 Girls Associations between adiposity trajectories and Ln Insulin. Graphs of coefficients and 95% confidence intervals from standardised linear regressions of cardiovascular risk factors at age 15 on PI/BMI trajectories (age in years along x-axis is the mid-point of PI/BMI change periods; coefficients are adjusted for confounders and previous PI/BMI changes, i.e. Model 3 in Tables) (TIF) Figure S14 Girls Associations between adiposity trajectories and Glucose. Graphs of coefficients and 95% confidence intervals from standardised linear regressions of cardiovascular risk factors at age 15 on PI/BMI trajectories (age in years along x-axis is the midpoint of PI/BMI change periods; coefficients are adjusted for confounders and previous PI/BMI changes, i.e. Model 3 in Tables)  (TIF Table S1 Description of singleton ALSPAC participants included in our analyses, and comparisons with the original cohort (DOCX) Table S2 Actual ponderal index (PI) and body mass index (BMI) measurements, difference between actual measurements and those predicted by the multilevel models, and estimated rates of adiposity change in all ALSPAC participants with at least 1 adiposity measure (DOCX) Table S3 Adiposity trajectories from birth to ten years and their association with DXA-assessed total body fat mass at age 15 years, with multiple imputation (DOCX) 
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